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SECTION I

INTROLXJCTION

Numerical prediction of recirculating, turbulent flowfields has been the subject of

several studies in the recent past. These studies have considered steady or unsteady, and

nonreacting or reacting flowfields involving single-phase and two-phase situations. The

numerical computations of steady, recirculating flowfields under both isothermal and

L combusting conditions have been motivated in part by the need to model the fluid dynamic

f" and combustion processes in gas turbine combustors.( 1 -7) Combustor modeling is still in a

state of development and some of the areas requiring further refinement have been

identified.( 8 ) Nevertheless, some success has been achieved recently in applying the results

of numerical modeling to actual combustor development activity.( 4 ) Furthermore, recent

validation studies(9-12) have shown that currently available combustor models are

reasonably adequate for providing qualitatively correct descriptions of the recirculating

flowfields. This report presents some numerical predictions of the isothermal flowfields in

a research combustor that has been designed to simulate some elements of the primary

zone of a gas turbine combustor.

1.1 BACKGROUND

An experimental and modeling program is in progress at the Aero Propulsion

Laboratory (APL) of the Air Force Wright Aeronautical Laboratories for evaluating

combustion models and diagnostic techniques in realistic environments. The major

component of this research program is the axially symmetrical bluff-body-in-duct

combustor (hereafter referred to as the centerbody combustor) employed to furnish point

measurements of velocity, temperature, and specie concentrations in the recirculating,

turbulent, near-wake regions.

1.1.1 APL Centerbody Combustor

The predictive modeling results reported here pertain to the centerbody

combustor configuration. The details concerning the philosophy and selection of the

combustor design, brief descriptions of the combustor facility and instrumentation, and the

preliminary experimental results of the combustor development tests are available in

Reference 13. In the absence of numerical predictions of the flowfields, the



interpretation of these experimental data utilized flowfield descriptions derived heuristically.

Detailed discussions on these postulated flowfields are given elsewhere.( 1 1 ) Despite the

qualitative nature of the flowfield descriptions, it was noted that they provide a reasonably

consistent franework for designing experiments for future model development and validation

studies.(
1 3)

Reference 11 has discussed at length the implications of the suggested

flowfields on predictive modeling. It was stated there that detailed mapping of the velocity

and concentration fields by diagnostic measurements and by numerical predictions would be

essential before the flowfield in the centerbody configuration could be quantitatively

established. The recent results of laser Doppler anemxnetry measurements( 1 4 ) under both

isothermal and combusting conditions have furnished information concerning the centerline

axial velocity distributions in the near-wake region. These results have essentially confirmed

the earlier flowfield descriptions. Thus, it is of interest to carry out the predictive

calculations for the appropriate experimental conditions. As has been discussed

previously,( 1 1 ) even isothermal flowfield modeling should be of value in evaluating combustor

models. Indeed, it was emphasized that only when the numerical model is able to predict the

salient features of the isothermal flowfield can its capability to handle the additional

complexities arising in reacting flows be established with confidence. Accordingly, the work

reported here deals with the numerical predictions of the isothermal flowfields in the

centerbody combustor under the conditions adopted for the previous experimental

studies.(3,14)

The centerbody combustor consists of a 14-cm diameter cylindrical bluff body

placed concentrically in a 25.4-cm diameter duct. The centerbody has a flat end face

downstream and an aerodynamically shaped end face upstream. The centerbody has a

length-to-diameter ratio of 5.6 so that nearly uniform velocity profiles are established at

the inlet plane for the air flowing in the annular passage between the confining outer duct

and the centerbody. Gaseous fuel (propane) or an inert gas (CO 2 ) is injected at the center

of the centerbody downstream face through a 4.8-mm diameter tube. The central tube

configuration adopted in the experiments( 1 4 ) had insufficient length-to-diameter ratio for

assuring a fully developed turbulent velocity profile at the tube exit. Future experiments

would employ a convergent nozzle configuration to provide uniform velocity profiles at the

exit.

2



In view of the particular geometry adopted, the centerbody combustor is

essentially a dual coaxial flow configuration. However, the interjet separation is much larger

than that usually encountered in typical dual jet flows.

1.1.2 Related Studies

The juxtaposition of the annular and central jets with the near-wake region

behind the centerbody has given rise to some interesting ramifications not previously

considered in numerical modeling. Indeed, for the centerbody configuration, experimental or

predictive information is scanty in the published literature. The early work of Chigier and

Beer( 1 5 ) reported the measurements in the near-field region of double concentric jets.

This configuration consisted of a central nozzle 2.5 cm in diameter and an annular nozzle

having inner and outer diameters of 6.4 and 9,7 cm. The air flow from the annular and the

central nozzles issued into ambient air and the flow downstream of the nozzles was

unbounded. Although this work provided some insights that helped postulate the flowfields in

Reference 13, significant differences exist between this configuration and the centerbody

configuration. The annular air flow is confined and the diameter of the centerbody is an

order of magnitude larger than the diameter of the fuel tube in the centerbody configuration.

A careful examination of the more recent works on confined turbulent diffusion

flames( 1 6 " 1 9 ) reveals that these do not possess the significant features of the centerbody

configuration. Only Elliman, et al.,( 2 0 ) appear to have studied a configuration similar to the

centerbody combustor. The combustor used in that study consists of an outer duct 150 mm

in internal diameter and a disc baffle 125 mm in diameter. Air flows through the annular

passage and methane through a central fuel tube. (Although the paper does not explicitly

state the diameter of the fuel tube, it seems to be about 12.5 mm.) However, the flow

pattern in this configuration is significantly affected by the 450 lip provided for the baffle

and by the radially exhausting flow arrangement, situated at only 400 mm from the face of

the baffle. Moreover, both the numerical predictions and the intrusive diagnostic measure-

ments have dealt only with combusting flows. Finally, the recent papers by Ko and

Chan( 2 1 -23) which deal with isothermal-flow measurements in annular jet flows (differing

from the centerbody configuration by the absence of the central jet and the outer confining

duct) provide some information on the location of the centerline reattachment point and

vortex center. These aspects are dealt with in Section IV.

1.2 SCOPE OF PRESENT WORK

The present Senior Investigator program is a continuation of the earlier

efforts(9 - 1 1 ) concerned with an examination of the two Air Force furnished computer

3



programs to evaluate their ability to predict the flowfields in the APL centerbody combustor

configuration. The previous studies had demonstrated that the Field Relaxation Elliptic

Procedure (FREP) Code had the capability of making reasonable quantitative predictions of the

turbulent flowfield in an isothermal flow with imbedded recirculating regions. Accordingly,

the numerical computations reported herein have been performed with the FREP Code. These

predictive calculations have employed an appropriate value for the eddy viscosity coefficient

which is determined essentially by trial and error. The numerical modeling has considered

the experimental conditions adopted for the recent laser Doppler anemometry measurements.

These conditions include several annular- and central-jet flow rates as well as different

central-jet fluids. Present isothermal-flowfield predictions have generally supported the

earlier postulated flowfields and have served to refine the fundamental understanding of the

interactions between the annular and the central jets.

1.3 JUTLINE OF REPORT

A brief description of the FREP Code is given in Section II, which also outlines the

computational procedure and the input requirements with respect to the centerbody

configuration. Section III provides the details of the numerical computations. The results of

the predictive modeling are discussed in Section IV. Finally, Section V outlines the

conclusions of the present study and also offers recommendations for future activity.

4



SECTION II

MODELING DETAILS

The predictive modeling of the isothermal flowfields in the centerbody configuration is

accomplished by numerically solving the time-averaged Navier-Stokes equations. The FREP

Code employs a finite-difference computational procedure to solve the system of partial

differential equations describing the conservation laws of mass, momentum, energy, and

chemical species. Following is a brief discussion of the theoretical and conputational

aspects of the FREP Code.

2.1 GOVERNING EQUATIONS

The modeling in the FREP Code involves two-dimensional, steady-state flowfields in

planar or axisymmetric geometries. Because of the geometry of the centerbody configuration,

the present computations are concerned only with axisymmetric flowfield. Details concerning

the FREP Code may be found in References 1 and 9.

In the numerical solution of the Navier-Stokes equations in the FREP Code, the

vorticity and the stream function are employed as dependent variables. Thus, a direct

solution of the primitive variables involving the velocities and pressure becomes unnecessary.

For the axisymmetric geometry, the stream function 4 and the vorticity w are defined as

follows:

4 (pWrdr - pUrdz) (1)

DU _ W
W7 3r (2)

where U and W are respectively the radial (r-direction) and the axial (z-direction) time-

mean velocity components. The other dependent variables are the stagnation enthalpy H, and

the species mass fraction m.. Two chemical species, air and fuel, are considered. The

governing equation for all the dependent variables can be cast in the general form

a ) [ )(d )- " "'T3(fi~)] "-" 3 [b,r3.(c,.)1()

(3)

-a [b ra (c. +rd, =0

5



where the coefficients, ao , bo and co , and do represent respectively the convection,

diffuskn and source terms. All these coefficients for the general case are given in Table 1
of Reference 1. Certain simplifications are possible when the effective turbulent Prandtl and

Schmidt numbers are assumed to be unity. Under this assumption the complicated source

term do for the stagnation enthalpy equation vanishes identically. For the species equation,

the chemical reaction source term is excluded for the nonreacting flowfield under

consideration. The coefficients appropriate for the present isothermal modeling are given

below in Table 1. It may be noted that with unity turbulent Prandtl and Schmidt numbers,

the turbulent exchange coefficients for the energy and species transport (bo terms) are

replaced by the turbulent momentum exchange coefficient (or the effective viscosity) Peff"
It is necessary to introduce a turbulence model for prescribing 1Peff in order to solve

Equation (3). However, as concluded in Reference 11, the FREP Code is operational only

with a simple constant eddy viscosity model. In the present numerical computations, the

value of the constant eddy viscosity was arrived at by a trial and error approach; this aspect

is discussed in Section III.

TABLE 1
COEFFICIENTS FOR THE DEPENDENI VARIABLES

b ao b co d_

0 1/(pr ) 1 -u/r

/r 2 r2  1 zef 2 a r Dr 2

H 1 11eff 1 0

m. 1 11eff 1 0

2.2 COMPUTATIONAL PROCEDURE

Equation (3) represents a system of coupled, nonlinear partial differential equations.

In view of the elliptic nature of the steady-state equations in tmo space dimensions, a

b



relaxation technique is employed in the numerical solution procedure. The FREP Code uses

the residuals of the variables rather than the variables themselves in an iterative relaxation

technique. The residuals are the deviations of the current solution at any stage in the

iteration from the true solution of the finite-difference equations. A successive reduction of

these residuals is carried out at each nodal point of a two-dimensional grid until a specified

accuracy criterion is reached. The so-called Field Relaxation technique of the FREP Code is

based upon the Peaceman-Rachford ( 2 4 ) form of the Alternating Direction Implicit method.

The present modeling utilizes the predictor-step calculations of the Code and the rationale of

this approach is discussed in References 9 and 11.

2.3 BOUNDARY CONDITIONS

The solution of Equation (3) requires the specification of appropriate boundary

conditions for each of the dependent variables on all the boundaries of the computational

domain. The computational domain under consideration for the centerbody configuration is

shown schematically in Figure 1. Because of axial symmetry, only the top half of the

combustor is employed in the computation. The top boundary represents the inflow boundary

and consists of the fuel inlet port, the centerbody face, and the annular air inlet. The right

boundary is the outflow boundary. The boundary conditions at the exit boundary presume the

flow to be unidirectional there. However, the location of this boundary is unknown a priori

and hence its specification is essentially arbitrary. In a given Droblem the location of the

exit boundary is subject to the constraints of available computer memory and required spatial

resolution.

The boundary conditions for the stream function, vorticity, stagnation enthalpy and

species mass fraction are specified in terms of the coordinates tangential and normal to the

boundary. The boundary conditions along the duct wall (top boundary) represent the no-slip

conditions for velocity, zero normal mass flux for species, and prescribed wall temperature

(cooled walls). The boundary conditions along the axis of symmetry denote symmetry

conditions. The stream function value on this boundary is set at zero. For all other

dependent variables the radial gradients are set at zero. At the exit boundary, the nearly

unidirectional flow conditions are represented by vanishing second derivatives In the axial

direction. Finally, it is necessary to prescribe the distributions of the axial and radial

velocities and their gradients, as well as of the pressure, temperature, and fuel mass

fractions at the inlet ports. In addition, at the top node of each of the inlet ports on the

left boundary, the stream function value consistent with the Inlet mass flux must be

specified.

7
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2.4 INLET-VELOCITY DISTRIBUTIONS

As noted in paragraph 1.1.1, the design of the centerbody should assure a nearly axial

flow at the inlet plane of the annulus. However, this conclusion has not been demonstrated

by actual laser anemornetry measurements of the radial velocity distribution in the inlet

plane. The presence of finite radial velocity components has been observed in earlier

investigations(20, 25) and it is likely that the centerbody configuration may exhibit similar

characteristics. It should be noted that the prediction of downstream flow properties has

been shown by Pope and Whitelaw ( 2 6) to be quite sensitive to the assuned initial profile of

radial velocity. Thus, it is essential for numerical modeling to have accurate information on

the radial velocity distribution at the inlet, In the absence of this information, the present

calculations assune negligible radial velocity components in the inlet flow. The assuned

axial velocity profiles at the inlet of the annular and central ports are shown in Figure 2.

Each velocity profile is shown normalized With respect to its centerline velocity(W ). The

experimental conditions of the respective mass-flow rates serve to determine the absolute

values of axial velocities, and these are employed to obtain the boundary value of the stream

function discussed in paragraph 2.3. The assumption of a universal inlet velocity profile for

all inlet mass-flow rates is clearly inadequate. Instead, the actual profile for any

particular flow condition available from measurements must be used. Although the laser

anemometry measurements are expected to furnish the annular inlet-plane velocities without

much difficulty, at the fuel inlet, measurements no closer than 5 mm from the inlet plane

appear likely. This experimental constraint makes it all the more desirable to have a fuel

inlet configuration in the shape of a convergent nozzle which would provide a nearly uniform

velocity profile at its exit.

2.5 COMPUTATIONAL GRID

For the two-dimensional computation domain seen schematically in Figure 1 the

distribution of grid nodes requires considerable judgment, since this aspect is governed by

two opposing constraints - required spatial resolution and available computer memory. In the

FREP Code the user can specify either uniform or nonuniform axial and radial grid spacing.

The region requiring the greatest attention in the centerbody configuration Is the near-wake

recirculation region behind the centerbody. A uniform grid spacing in the radial and axial

directions with the available number of grid points would clearly result in too poor a spatial

resolution. Thus, a nonuniform distribution of grid spacing is obviously indicated.

Preliminary calculations ( 9 ) on the centerbody configuration had established that the

two-dimensional grid array of 28 axial nodes x 21 radial nodes available with the FREP Code

9
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resulted in inadequate spatial resolution when an axial extent of 30 cm was used for the

computational domain. Further trials indicated that a grid array of 40 axial nodes x 30

radial nodes would be the optimum for the FREP Code with an OVERLAY under the dual CDC

CYBER systems available at the Aeronautical Systems Division computer center. This array

requires a core memory of about 260,0008 words.

The distribution of grid nodes adopted in the present numerical predictions is as

follows: In the radial direction, nodes 1 through 6 represented the fuel inlet port, nodes 6

through 22 represented the centerbody face, and nodes 22 through 30 represented the annular

port. This resulted in five interior nodes in the fuel inlet and seven interior nodes in the

air inlet. A nonuniform radial grid spacing is employed from nodes 1 through 22, ranging

from a minimum of 0.36 mm to a maximum of 7 mm. For the eight radial spacings in the

annulus, a uniform value of 7.125 mm is used. In the axial direction, the axial extent of

30.5 cm is covered by 40 nodes, distributed nonuniformly throughout. This resulted in the

first axial spacing of 0.35 mm and the last axial spacing of 14.5 mm. The initial axial

spacings and the initial radial spacings (up to the 17th node in either direction) are of the

same order. For example, 9 grid nodes cover a radial distance of 5.4 mm and an axial

distance of 5.95 mm. This is a necessary requirement in view of the elliptic nature of the

governing equations. It is seen that towards the top and right boundaries of the

computational domain, the grid spacings are rather large. Unfortunately, this is unavoidable

in the context of the limited number of grid points available. However, the present grid

distribution represents the optimuml choice and the grid spacing toward the exit boundary is

not too crude to affect the flowfield everywhere.

11



SECTION III

NUM ERICAL COMPUTATIONS

The predictive modeling of the isothermal, recirculating flowfields in the centerbody

configuration has been conducted with the FREP Code employing a constant eddy viscosity

model. A variety of experimental conditions involving different annular and central flow

rates was simulated in the numerical calculations.

3.1 PRELIMINARY CALCULATIONS

The selection of stream-function boundary value and the choice of eddy viscosity

necessitated trial calculations initially. These are briefly discussed in the next tvo

paragraphs.

3.1.1 Stream-Function Boundary Values

It was noted in paragraph 2.3 that the boundary values of stream function

consistent with the inlet mass fluxes of the annular and central jets must be prescribed.

For the strictly axial inlet velocity profiles under consideration here, it is easy to see from

the definition of stream function in Equation (1) that the difference in stream function

values between two radial positions r, and r2 is given by

r 2

A * r 2  = 27rf pWrdr . (4)

r1

Thus, denoting the stream function value to be zero at the centerline (r=O), the boundary

value at the radial node J=6 can be computed from the central jet mass-flow rate. Since

there is no mass flux through the centerbody face between the nodes J=6 through 22, the

boundary value does not change. The boundary value at the j=30 node is computed from the

air mass-flow rate. However, earlier experience with the FREP Code (9-11) had shown that

a trial and error procedure is required for prescribing the stream-function boundary value.

This is nescessary for obtaining a computed velocity distribution for the initial estimate

(Oth iteration) which would agree closely with the input velocity distribution (such as that

shown in Figure 2). Too high a stream-function boundary value caused much larger inlet

12



velocities and too low a value resulted in much smaller (and sometimes even negative)
velocities. Once the upper- and lower-bound values were established, the input velocity

profiles could be zeroed in, within a few trials. Also, the dependence is essentially linear

and thus the correct stream-function boundary values are obtained for other flow rates

without a number of trials. The final stream-function boundary values corresponding to the

different flow rates and the appropriate inlet-profile centerline velocities are shown in

Table 2.

TABLE 2
BOUNDARY VALUES OF INLET VELOCITIES AND STREAM FUNCTIONS

Air Flow
Boundary Fuel Rate
Values Flow Rate kg/s 2 0.07 0

kg/hr _ _ _

6 0

6.8082 x 10
1

0

W, m/s 0

W 26 rn/s 48.13

'P 3.3465 x 10-4  3.3465 x 10-4  3.3465 x 10-4

6

*30 6.8115 x 101 2.4163 x 10-
2  3.3465 x 10-4

4
W 34.37 34.37 34.37

1
W26 48.13 1.685 0

I6 5.0188 x 10 4  5.0188 x 10 - 4  5.0188 x 10- 4

6.8132 x 10 2.4330 x 10 5.0188 x 10-
30 6

51.54 51.54 51.54

W 26 48.13 1.685 0

'p 6.6910 x 10 - 4  6.6910 x 10 4  6.6910 x 10- 4

6

30 6.8148 x 10 1  2.4498 x 10- 2  6.6910 x 10- 4

68.71 68.71 68.71

W2 6  48.13 1.685 0

13



3.1.2 Constant Turbulent Eddy Viscosity

The choice of the constant value for eddy viscosity in the centerbody

flowfield is made only by trial and error. Prior modeling calculations on a dump

combustor ( 1 0 ) and the algebraic modeling from Gosman, et al.,( 2 7 ) provide a reasonable

basis for the initial guess. The proper choice of the eddy viscosity is determined by a few

trial computations and is governed by considerations such as the rate of convergence of the

computed solutions, and the presence and extent of the recirculation region. It is known

from experiments that the centerline reattachment point for the bluff-body vortex occurs at

roughly one bluff-body diameter downstream. This observation has been utilized to facilitate

the selection of optimum eddy viscosity. Further refinements take into account the behavior

of the numerical solutions. The trial computations indicated that the rate of onvergence

becomes insensitive when the eddy viscosity value lies between 0.149 and 0.223 g/cm-s

(1 x 10-2 and 1.5 x 10-21bm/ft-s). Most of the reported results here are based on eddy

viscosity value of 0.149 g/cm-s.

It should be emphasized that turbulent eddy viscosity, being dependent on the

flowfield, can not be a constant when significant variations in the velocity gradients occur

throughout the flowfield. Also, the injection rates of the annular and central jets do

influence the near-wake flowfield and this should be taken into account. However, there is

no firm basis for incorporating these considerations into the obviously crude constant eddy-

viscosity model. Indeed, the deficiency of this model became apparent when the numerical

computations involving much higher central-jet flow rates (which would cause the central jet

to penetrate the recirculation region) failed to converge and ran into severe nuanerical

instabilities.

3.2 CASE STUDIES

The predictive calculations generally conformed to the experimental conditions of the

recent laser anemometry measurements.( 1 4 ) The cases for which the results are reported

here are identified in Table 2. A convergence criterion of 5 x 10- 3 for the relative

residuals was employed in these calculations. Typically, this level of convergence was

attained in 30 to 35 iterations. Each iteration took about 50 seconds of CP time on the

CLC CYBER 175 computer.

3.2.1 Annular Air Mass Flow of 2 kg/s

Computations have been completed for the central jet CO2 mass flows of 0, 4,

6, and 8 kg/hr. The last three cases pertain to the annular-jet dominant flow regimes of

14



Reference 13. Conputations for central-jet flow rates of 10, 12, and 16 kg/hr failed to

yield converged solutions. For the annular air mass flow of 2 kg/s, a set of three cases

was computed for which the central-jet fluid was air instead of CO 2 . This was done to

verify the experimental observation(14) wherein the centerline location of the fuel stagnation

point is dependent only on the central-jet exit velocity and not on the central-jet fluid.

The calculations with air as the central-jet fluid were done for the same values of the

central-jet exit velocity as for the CO2 flow rates of 4, 6, and 8 kg/hr. This was easily

accomplished by changing the stream-function boundary value to account for the different

densities of CO 2 and air.

3.2.2 Annular Air Mass Flow of 0.07 kg/s

Since the computations outlined in paragraph 3.2.1 did not include the flow

regime wherein the central jet was dominant, it was of interest to consider another set of

flow conditions which would simulate this regime. In the laser anemometry measurements,

annular air-flow rates of the order of 0.07 kg/s are the minimum needed to keep the seed

particles from coating the window. Thus, flowfield computations with such a low air mass

flow are in order. These calculations involved central-jet flow rates of 4, 6, and 8 kg/hr

of CO2 . The same value of eddy viscosity which provided convergent solutions for the case

in paragraph 3.2.1 was found acceptable for the cases here in which the central jet is

dominant. Also, the computations with 16 kg/hr for the central jet failed to converge again.

Thus, the numerical problems encountered with high central-jet flow rates do not seem to be

related to the existence of different flow regimes.

3.2.3 Zero Annular Air Mass Flow

An examination of the decay of the centerline axial velocity for the cases

studied in paragraph 3.2.2 showed that even under very low annular air flows, there was not

the expected monotonic decay. The axial variation of the axial velocity on the centerline

exhibited a minimum. Thus, it was clear that the presence of the centerbody was noticeable

under nonzero annular flows. To examine the behavior of the central jet when the annular

jet is completely absent, a set of three computations was performed with CO2 central-jet

flow rates of 4, 6, and 8 kg/hr.

15



SECTION IV

RESULTS AND DISCUSSION

The results of the predictive calculations outlined in the previous sectioni are presented

and discussed in the following paragraphs.

4.1 ANNULAR-JET DOMINANT FLOW REGIME

Following are the results of flowfield calculations when the central jet is completely

dominated by the recirculating flow of the annular jet behind the centerbody. The annular

air mass flow for all the cases considered here was 2 kg/s. In addition to the CO 2 flow

rates of 4, 6, and 8 kg/hr in the central jet, the case where the central jet is absent also

comes under this category. The computed flowfields with air in the central jet were similar

to those with CO2 in the central jet. Hence the former are not presented here. However,

when the influence of central-jet fluid on the centerline stagnation points is discussed in

paragraph 4.1.3.3, the relevant results of the calculations with central air jet are reported.

The predicted results on stream function and axial velocity fields are discussed in the next

three paragraphs and those on concentration fields are discussed in paragraph 4.3.

4.1.1 Stream-Function Fields

The predicted stream- function contours are shown in Figures 3 through 6.

Figure 3 depicts the flow pattern when there is no central-jet flow. A toroidal recirculation

region is set up behind the centerbody with a reverse flow along the centerline. The zero

stream function contour separates from the centerbody surface and meets the centerline about

1.15 centerbody diameter downstream. This is the rear stagnation point. The forward

stagnation point is, of course, at the center of the bluff-body face. Also shown is the

computed zero axial velocity contour, which intersects the centerline at the rear stagnation

point. Several closed contours confined between the centerbody face and the zero stream

function contour represent the recirculating vortex.

It is of interest to compare the reattachment distance for the case of zero

flow in the central jet with available experimental data. For the centerbody configuration,

the recent measurement( 1 4 ) shows that the reattachment point occurs at a z/d of

approximately 0.9. Present calculations provide a value of 1.15. The results of Durao and

Whitelaw( 2 5 ) for the flow of an annular jet behind a disk show that for an annular diameter

of 20 mm and different disk diameters of 8.9, 12.5, and 14.2 mm, zs/d (z s is the distance

of reattachment point from the disk face) varies from 1.45 to 1 for Initial velocities ranging
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from 9.4 to 39.5 m/s. The greatest deviation from unity occurs for the largest values of

the ratio of annulus diameter to disk diameter. For the centerbody configuration, this ratio

(D/d) is 1.82, for which the data of Ikeference 25 suggests a value between 1.15 and 1.45

for zs/d. The present numerical results and the earlier measurements ( 1 4 ) on the centerbody

configuration indicate that this configuration Is quite different even when no central jet is

present. A similar conclusion is established from the results of Chigier and Beer,( 1 5 ) and

Ko and Chan( 2 1 ) on annular jets (see Figure 3 of Reference 21, for example).

The character of the flow pattern changes when the central jet is introduced,

as seen in Figures 4 through 6. The forward stagnation point on the centerline gets shifted

downstream as the central-jet flow rate is increased. For the lowest central-jet flow rate

of 4 kg/hr, although the rear stagnation point has moved slightly downstream, the near-wake

flowfield (Figure 4) remains essentially the same as that of zero central-jet flow

(Figure 3). However, at central-jet flow rates of 6 and 8 kg/br, Figures 5 and 6 show the

more dramatic changes in the near-wake flowfield. Another vortex of opposite sense begins

to grow near the central-jet exit. both forward and rear stagnation points are shifted

further downstream.

Figures 3 through 6 also show the changes in the strength and growth of the

tvo vortices. It is seen that the vortex center is identified by the extremum value of

stream function. A local minimum (negative maximum) value is associated with the vortex

caused by the annular flow and a local maximum value is associated with the vortex caused

by the central-jet flow. From the definition of stream function in Equation (1), it can be

seen that at the vortex center both the axial and radial velocity components vanish and hence

the vortex center could be located by the intersection of zero axial and radial velocity

contours. It should be noted that although the zero axial velocity contour in Figure 3 passes

through the vortex center, the indicated negative maximum stream-function value is that

available for a computational grid node. It is seen from Figures 4 through 6 that the

strength of the negative vortex first increases, reaches a maximum, and then decreases as

the central-jet flow rate is increased. The strength of the positive vortex, on the other

hand, increases with increasing central-jet flow rate. This latter observation is consistent

with the fact that as the central-jet flow rate Increases, its entrainment requirement

increases, which is met by the increased vortex strength. For the negative vortex, however,

a more complex dependence is created by the presence of both annular and central jets, one

of which tends to increase its strength whereas the other tends to diminish its importance.

An interesting observation can be made regarding the location of the center of

the negative vortex. It is seen that as the central flow rate increases, the axial coordinate
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of the vortex center moves downstream. But the radial coordinate appears to remain constant

at a value of 0.35 for r/d. In terms of the duct diameter, the radial coordinate is 0.19.

Ko and Chan( 2 3 ) report a value of 0.18 for their annular jet configuration which has no

central jet. Their study has shown that the radial position of the vortex center is

essentially independent of the nondimensional parameter that represents the momentum flux of

the annular jet and hence the pressure available for the entrainment behind the interface.

Present numerical results with even a nonzero central jet confirm this observation and thus

indicate that in the annular-jet dominant flow regime the central jet does not significantly

affect the radial location of the vortex center.

The results of Ko and Chan( 2 3 ) for the axial position of the vortex center

show that the axial coordinate decreases with increasing nondimensional momentum flux of the

annular jet. In other words, with higher momentum flux available from the annular jet,

higher entrainment occurs in the region behind the centerbody face, resulting in the vortex

moving closer to the face. It should be noted here that the present numerical calculations

for constant annular flow rate do not provide for the variation in annular momentum flux.

On the other hand, the variation of central-jet flow rate does affect the entrainment

requirements behind the centerbody. It is physically logical that with greater momentum flux

available from the central jet, less entrainment of the annular jet would occur. This

necessarily implies that the vortex moves further downstream from the centerbody face.

Thus, the present numerical results which show an increase in the axial coordinate of the

vortex with an increase in the central-jet flow rate are physically consistent with the results

of Ko and Chan.( 2 3 ) Although the variation of the axial coordinate of the negative vortex in

the present configuration shows qualitative agreement with the results of Reference 23, no

simple correlation solely in terms of the annular-jet momentum flux is possible when a

central jet is also present.

The computed results for the positive vortex caused by the central jet indicate

that both the axial and radial coordinates of the vortex center increase with increasing

central-jet flow rate. This observation raised the possibility that a suitable correlation

could be found for the axial coordinates of both positive and negative vortex centers. It

appeared that the negative vortex center moves downstream by the same amount as the

positive vortex center when the central-jet flow rate Is Increased. In other words, the axial

distance between the two vortex centers may be an invariant. A closer examination of the

computed results, however, has shown that the axial distance between the centers increases

nonlinearly with increasing central-jet flow rate. Additional parametric results are necessary

for quantifying this dependence.
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4.1.2 Axial Velocity Contours

Figures 7 through 10 present the predicted results of the mean axial velocity

fields. The isovelocity contours represent velocities normalized with respect to the annular

inlet velocity. Figure 7 shows the results when the central jet is absent. The intersection

of the zero velocity contour with the centerline occurs at a z/d of 1.15. This is the rear

stagnation point. The effect of increasing central-jet flow is seen in Figures 8 through 10.

Due to the injection of the central jet fluid, a forward stagnation point is seen to occur on

the centerline.

The numerical results clearly indicate that as the central-jet flow rate

increases, both the forward and rear stagnation points on the centerline move downstream.

This behavior is physically consistent. Recent experimental data( 14 ) have shown that the

forward stagnation point shifts downstream linearly with the central-jet exit velocity.

Present numerical results underpredict the distances to forward stagnation points and also do

not reveal any linear dependence on the exit velocity. Thus, for central-jet flow rates of

4 and 8 kg/hr of CO2 , the calculated z/d values for the centerline forward stagnation point

are 0.08 and 0.28, while the measured values are 0.3 and 0.5. On the other hand, present

computations overpredict the distances to rear stagnation points. The calculated z/d values

for the rear stagnation point vary from 1.15 for zero central flow to 1.38 for 8 kg/hr

central flow, while the measured value is 0.9 and within the precision of the measurements,

the downstream movement of the rear stagnation point with increasing central-jet flow is not

discernible.

Figures 7 through 10 furnish additional insights into the structure of the

recirculation region. The contours of the negative axial velocity provide a measure of the

extent and strength of the reverse-flow regions. Consider, for example, the contour

representing the negative axial velocity of 50% of the annular inlet velocity. An inspection

of Figures 7 through 10 reveals that as the central flow rate is increased from 0 to 8

kg/hr, both the axial and radial extent of this particular velocity contour increase, reach a

maximum, and then begin to decrease. Indeed, the implication is clear that the strength of

the reverse flow first Increases, and then begins to decrease. Recalling the earlier

observations o,- the strength of the negative vortex in Figures 3 through 6, it is easy to see

that when the central-jet flow rate is increased, initially the dominance of the annular jet

Increases (Figures 7 and 8); then the dominance of the annular jet attains a maximum

(Figures 8 and 9); and finally, the annular jet begins to get less dominant
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(Figures 9 and 10). This aspect of the recirculation-zone structure is further exemplified in

the discussion of the centerline velocity characteristics in Paragraph 4.1.3.

The predicted isovelocity contours exhibit an interesting behavior of the annular

jet. Figure 7 shows that downstream of the annular inlet plane, there is a slight

acceleration of the annular jet in the core region. For the isothermal flow under

consideration here, in view of the sudden expansion, this observation appears somewhat

surprising. The acceleration is more pronounced in Figures 8 through 10 where immediately

downstream of the inlet plane an increase of about 25% in axial velocity is seen. The

reason for this observation is unclear at this time. In fact, it would be useful to see if

measurements can show this phenomenon to be real.

4.1.3 Axial Variation of Mean Axial Velocity

Further elucidation of the structure of the recirculation region is possible by an

examination of the axial velocity characteristics along the axial direction in the near-wake

region. The variation of the axial velocity along the centerline is shown in Figure 11.

4.1.3.1 Centerline Velocity Profiles

A comparison of the predicted centerline results with the measured data

(see Figure 4 in Reference 14) indicates good agreement in the overall trends. But in

several specific results there is considerable disagreement. For central-jet flow rates of 4

and 8 kg/hr of CO 2 , the forward stagnation point on the centerline was found to occur at a

z/d of 0.3 and 0.5 in the experiments, compared to 0.08 and 0.28 in the predictions.

Moreover, the computed results also do not show the linear dependence of the forward

stagnation point on the central-jet exit velocity that was observed in the experiments.

The maximum negative velocity in the reverse-flow region was measured

to be about 42% of the annular inlet-plane velocity and was found to occur at a z/d of 0.4.

The predicted maximun, on the other hand, is 62% and occurs at a z/d of 0.38. Here the

agreement is much better than that for the forward stagnation point. However, a physically

more satisfying picture of the reverse-flow region emerges from the predictions in Figure

11. The velocity profiles for the four central-flow rates considered remain distinct, while

in the measurements (14) all the velocity profiles coalesce beyond the maximum negative

velocity. In other words, the measured velocity profile for zero central flow appears to

envelope the velocity profiles for all central-flow rates from 4 to 12 kg/hr between the

peak negative velocity location and rear stagnation point. Thus, the rear stagnation point is

found to occur at a z/d of 0.9 and is independent of the central-flow rate. This
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observation is somewhat inconsistent with the physics and is certainly less appealing

intuitively. Possibly, the precision of measurements in the rear stagnation region is less

than adequate.

The predicted location of the rear stagnation point varies from a z/d

of 1.15 for zero central flow to 1.38 for 8 kg/hr central flow. The rear stagnation point

for 4 kg/hr has only moved very slightly downstream from that for zero central flow. This

shows that the recirculation region remains essentially unaffected by small central flow. It

can also be seen from Figure 11 that the axial extent of the recirculation region (the

distance between the forward and rear stagnation points) tends to decrease with increased

central-flow rate.

The amplitude and location of the peak negative velocity provide

additional insights into the structure of the recirculation region. The location of the

negative peak moves from a z/d of 0.35 for zero central flow to 0.55 for 8 kg/hr central

flow. This observation is consistent with physics in that the increasing central flow rate

results in further penetration of the central jet inside the near-wake region and thus tends

to decrease the influence of the reverse air flow for a greater distance downstream from the

centerbody face. The variation of the amplitude of the peak negative velocity is more

interesting. For zero central flow, this peak is about 53% of the annular inlet-plane

velocity. The peak reaches a maximum of about 62% for 4 kg/hr central-flow rate,

decreases slightly at 6 kg/hr, and then drops to about 53% at 8 kg/hr flow rate. Thus, the

centerline variation of axial velocity discussed here confirms the previous notions outlined in

Paragraphs 4.1.1 and 4.1.2 regarding the changing influence of the central jet as its flow

rate is increased.

4.1.3.2 Off-Centerline Velocity Profiles

Figure 12 shows the predicted velocity profile in the axial direction

1 cm radially outward from the centerline. A comparison of Figures 11 and 12 reveals that

the off-centerline profiles differ little from the centerline profiles everywhere except for

the initial region corresponding to a z/d of about 0.2 from the centerbody face. Indeed, the

locations and magnitudes of the peak negative velocity appear to be essentially identical.

The locations of rear stagnation points also do not differ significantly. Of course, the off-

centerline locations are closer to the centerbody face than the centerline locations, as can

be seen from the isovelocity contours in Figures 7 through 10 and can be anticipated on

physical grounds. It is clear from the isovelocity contours for central flow rates other than
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8 kg/hr that the off-centerline velocities remain negative near the centerbody face. Only in

Figure 11 for 8 kg/hr central flow we see that the off-centerline velocity 1 cm from the

centerline remains positive up to a z/d of about 0.25.

As in the case of the centerline velocity data, there is qualitative

agreement in the trends for the off-centerline data between the predictions and

measurements (see Figure 5 of Reference 14). Both show negative velocities for central

flow rates less than 8 kg/hr. While the measurement shows that for 8 kg/hr flow the off-

center velocity up to a z/d of 0.1 is negative, numerical calculation predicts small positive

velocities. Furthermore, prediction gives a positive peak velocity of 11% annular inlet

velocity occurring at a z/d of 0.16, whereas the measured peak of 30% occurs at a z/d of

0.3. As discussed in Paragraph 4.1.3.1, the off-centerline measurements also have not shown

distinct velocity characteristics and rear stagnation points for different central flow rates.

It is possible that this discrepancy stems from the fact that the reported experimental data

represent the average values of several sets of measurements taken at different times.

Conceivably, the data scatter and the associated uncertainty tend to mask small changes in

the velocity characteristics and rear stagnation-point locations. Although the present

predictions are restricted to isothermal flows, it is worth noting here that the measured data

in combusting flow (see Figure 6 of Reference 14) do reveal, albeit slightly, the distinct

profiles and rear stagnation points. It is presently unclear whether this arises because of

the larger scatter and greater uncertainty associated with the combusting data.

4.1.3.3 Air as the Central-Jet Fluid

It was noted in Paragraph 3.2.1 that numerical calculations with air

as the central-jet fluid were made with central-jet exit elocities that were the same as for

CO2 flow rates of 4, 6, and 8 kg/hr. These correspond respectively to air-flow rates of

2.6, 3.9, and 5.2 kg/hr. The predicted results with the air as the central fluid do not

differ from those for CO2 discussed in the previous paragraphs. Since this set of

calculations was motivated by the experimental observation1 4 that the linear dependence of

the forward stagnation point on the central-jet exit velocity is independent of the central

fluid used, we are concerned here only with the aspect relating to the centerline forward and

rear stag ts. Table 3 presents the z/d values of the forward and rear stagnation

points for both CO2 and air as t fluid.
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TABLE 3
CENTERLINE FORWARD AND REAR STAGNATION POINTS

z/d ________

Annular Central CO2  Air

Mass Flow Jet Exit Flow Flow Forward Stagnation Rear Stagnation
Rate Velocity Rate Rate Point Point

kg/s m/s kg/hr kg/hr CO2  Air CO2  Air

34.37 4 2.6 7.5 x 10 "2  6.33 x 10-2  1.16 1.11

2 51.54 6 3.9 1.45 x 10 "1 9.6 x 10-2  1.22 1.11

68.71 8 5.2 2.8 x 10 "1  1.63 x 10 "1  1.38 1.16

It is clear from the above that both the forward and rear stagnation
points are predicted to lie closer to the centerbody face for air than for CO 2 . Also, the

disagreement becomes wider as the central-jet exit velocity increases, especially for the

forward stagnation points. It has been already pointed out in paragraph 4.1.3.1 that the

calculations do not predict the observed linear dependence of the forward stagnation point on

the central-jet exit velocity. From the results in this paragraph, it would appear that the

central-jet fluid does have a significant influence on the forward stagnation point. Thus, the

data in Figure 8 of Reference 14 are not verified by numerical predictions at this time.

4.2 CENTRAL-JET DOMINANT FLOW REGIME

Following are the results of the predictive calculations when the central jet completely

dominates the near-wake region behind the centerbody. The central flow rates considered

are 4, 6, and 8 kg/hr of CO2 .  Two sets of calculations are carried out. The first set

employs an annular air mass flow rate of 0.07 kg/s, which is representative of the purge

flows used in the experimental investigations to keep the seed material off the access

windows. The second set has no annular flow and the central jet issues like a free jet,

except for the presence of the centerbody and the outer confining duct. In either case of

very small or zero annular flow, there is no recirculating flow present in the vicinity of the

centerline. However, there are some distinct differences in the flowfield details between the

two cases.
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4.2.1 Very Small Annular Flow

The computed stream function contours for 8 kg/hr CO 2 flow rate are presented

in Figure 13. The flow patterns for the two lower central flow rates are similar since for

the purge annular flow under consideration, all three central-jet flows achieve complete

penetration of the near-wake region by eliminating both the forward and rear stagnation

points. Thus, the following discussion applies to the lower flow rates as well.

Figure 13 shows that the annular jet is being entrained by the central jet - a

reverse situation of that seen in Figure 4 where small central flow is completely deflected

by the reverse air flow along the centerline. A small vortex is set up close to the

centerbody face and very near the annular jet. From the streamline contours it is clear that

even a very small annular flow affects the spreading of the central jet. Beyond a z/d of

0.4, no significant spreading is observed; in fact, a small convergence of the central jet is

seen, arising from the deflection of the annular jet toward the centerline.

The isovelocity contours for the mean axial velocity for 4 and 8 kg/hr

CO2 flow rates are seen respectively in Figures 14 and 15. Figure 15 confirms the

occurrence of a minimum velocity region on the centerline between z/d values of 0.4 and 0.5.

The centerline decay of axial velocity seen in Figure 16 identifies the local minimum in the

axial velocity for all the three central flow rates. Figures 14 through 16 employ the

annular inlet-plane velocity and centerbody diameter as the normalization quantities. When

the fuel-jet velocity and the fuel-tube diameter (df) are used for normalization, the

centerline velocity characteristics are more clearly depicted as seen in Figure 17. It is

seen that only a small potential-core region (up to one diameter of fuel tube) occurs.

Although an approximately linear decay (on the log-log plot) is seen, there is no monotonic

velocity decay as would be expected in a free jet.( 2 8 ) Instead, a local minimum develops

between 8 and 15 z/df for all the three flow rates, after which the axial velocity increases

again. Thus, it is seen that even very small annular flow has a pronounced effect on the

central-jet development and velocity-decay characteristics.

4.2.2 Zero Annular Flow

In view of the nontrivial influence of the presence of the centerbody and

annular flow noted in the previous paragraph, it is interesting to examine the flowfield of

the central jet when the annular jet is completely absent. The results of central-jet flow

rates of 4, 6, and 8 kg/hr are discussed in the following paragraphs.
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4.2.2.1 Stream-Function Fields

Figures 18 through 20 show the computed stream-function contours for

the three central-jet flow rates considered. In the absence of the annular jet, the

entrainment requirement of the central jet is satisfied by the setting up of a vortex between

the centerbody face and the confining outer duct. It is a rather lazy recirculation zone that

grows in axial extent as the central-jet flow rate increases. It is seen that the vortex

center moves both axially and radially outward as the flow rate is increased. The

reattachment point on the outer wall, determined by the intersection of the zero axial

velocity line, also moves further downstream as the rate of central flow increases. The

shift of the wall-reattachment point does not appear to be linear. It seems that this

location would be a useful parameter for comparison of measurement and prediction. Figure

20 for the highest flow rate shows that the exit-plane boundary condition is satisfied to a

lesser extent than for the two lower flow rates.

4.2.2.2 Axial Velocity Contours

The predicted isovelocity contours are seen in Figures 21 through 23.

The velocity is normalized with respect to the central-jet exit velocity. We note that the

velocities associated with the recirculation region are indeed small.

It seems from the isovelocity contours that initially the central jet is

not significantly affected by the confining duct. Note that the initial development of a

4.8-mm diameter jet imbedded in a centerbody 140 mm in diameter differs little from the

development of a jet issuing from an unbounded vertical wall. Perhaps, up to a z/d of 0.1,

the central-jet development is not critically affected by the recirculation flow in the outer

region. An examination of the centerline velocity characteristics in the next paragraph

clarifies this point.

4.2.2.3 Axial Variation of Centerline Axial Velocity

The axial velocity profile on the centerline is shown in Figure 24. It

is seen that the potential core exists for less than one diameter. The tendency for a log-

log plot with slope of -1 is noticeable initially (less than 2, 6, and 9 diameters respectively

for 4, 6, and 8 kg/hr CO 2 flow rates). Further downstream, the centerline velocity decays

much faster than the 1/z power-law dependence characteristic of free turbulent circular

jets.( 2 8 ) Thus, the present predictions indicate that in the presence of the centerbody and

confining duct the central jet does not behave like a free jet. It is not clear If this
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observation is real or is attributable to the failure of the numerical model (using a constant

eddy-viscosity formulation) to predict correctly the velocity-decay characteristics.

4.3 PREDICTION OF CONCENTRATION FIELDS

The numerical computations outlined in Section III include the predictions of mass

fractions of CO2  in the flowfield. The predicted results discussed In the following

paragraphs are based on the assumption of unity effective Schmidt nunber and thus on the

constant eddy viscosity model.

4.3.1 Mass-Fraction Contours in Annular-Flow Dominant Regime

The local CO2 mass-fraction field predicted for the annular air flow of 2 kg/s

and central CO2 flow rates of 4, 6, and 8 kg/hr is seen respectively in Figure 25 (a), (b),

and (c). The mass-function contour corresponding to the CO2 mass fraction of 0.06 Is also

included since it is the stoichiometric value of fuel mass fraction for propane/air combustion.

The mass-fraction contours in (a) and (b) show that the radial extent is much more than the

axial extent - a result directly caused by the radially outward deflection of the CO2 jet by

the reverse-flow air. Compared to the 4 kg/hr flow rate, the 6 kg/hr flow rate in (b)

merely indicates a greater spreading of CO2 in the axial direction. In (c), one notices a

much larger penetration in the outer shear layer, especially for the 0.06 contour. While a

direct correspondence with the combusting flow is not necessarily Indicated, the mass-

fraction contour for 0.06 does show the region most likely to experience combustion

react ions.

4.3.2 Centerline CO2 Mass Fractions

The axial variation of the CO2 mass fraction on the centerline is seen in

Figure 26. Here, the cases of both annular-jet dominant regime and the central-jet

dominant regime are shown. For the latter case, the results of very small annular flow and

of zero annular flow are presented. The general trends of the predicted results are

essentially correct. For the annular-flow dominant condition, the centerline mass fraction

decays rapidly to small values and then equally rapidly approaches uniform values. For the

Isothermal flows under consideration, the changes In mass fraction arise only from convective

and diffusive fluxes. On the centerline the radial component of velocity Is zero and the

convection Is strictly in the axial direction. Because of symmetry requirements, the radial

gradients also vanish on the centerline. Thus, the diffusive flux is only In the axial
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direction. Since the axial velocity decreases rapidly and then vanishes at the forward

stagnation point, it is reasonable to expect the rapid decay of CO2 mass fraction.

(Diffusion only tends to enhance the decay.) Beyond the forward stagnation point, the axial

velocity is negative. Here the convection and diffusion tend to oppose each other. The

CO 2 mass fraction at a point in question tends to increase by convective flux and tends to

decrease by diffusive flux. This results in a rapid approach to a nearly uniform condition

after the forward stagnation point. Thus, it Is clear that the turning of the centerline pro-

file occurs in the vicinity of the forward stagnation point. A confirmation of this

observation can be obtained by comparing Figures 26 and 5. The points of intersection

obtained by extrapolating the portions of the profiles that denote the rapid decay and

approach to uniformization in Figure 26 fall very close to the forward stagnation points in

Figure 5. Recent concentration measurements( 2 9) by probe sampling and their correlation

with earlier velocity measurements( 14 ) tend to support this viewpoint.

The centerline profiles for very small annular flow show a more gradual decay

and the asymptotic uniform values are higher than the previous case, as could be expected.

When there is no annular flow, the concentration decay Is the slowest and the uniform values

further downstream are the highest. These observations have the right qualitative trends.

While the centerline profiles for 6 and 8 kg/hr CO 2 flow rates with no annular air show the

expected monotonic decay, the profile for 4 kg/hr shows a local minimum. It is unclear at

present if this occurs in reality.
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SECTION V

CONCLUDING REMARKS

This section outlines the main conclusions emerging from the work, followed by

recommendations offered in the light of these conclusions.

5.1 CONCLUSIONS

a. The isothermal modeling under a constant eddy viscosity model has been successful

in providing reasonably correct qualitative predictions of centerbody combustor flowfields.

b. The numerical predictions have generally confirmed the heuristic flowfield

descriptions suggested earlier for delineating different flowfield regimes.

c. The predicted results of the flowfields when the annular flow dominates the near-

wake flow show overall trends that are in conformity with the experimental observations.

d. The z/d values for the centerline forward stagnation points are calculated to be

0.08 and 0.28 respectively for central CO 2 flow rates of 4 and 8 kg/hr (at an annular air

flow rate of 2 kg/s), whereas the laser Doppler anenometry measurements report values of

0.3 and 0.5. Thus, present numerical results underpredict the forward stagnation points on

the centerline and do not show the observed linear dependence with central-jet exit velocity.

e. The z/d values for the centerline rear stagnation points are calculated to be 1.15

and 1.38 respectively for central CO 2 flow rates of 0 and 8 kg/hr (at an annular air flow

rate of 2 kg/s), whereas the measured value is 0.9 and remains unaffected by the change in

central flow rate.

f. The predictions of both the radial and axial coordinates of the negative vortex in

the annular-jet dominant regime show physically consistent behavior and agree with the

results of recent annular-jet measurements.

g. For the annular-jet dominant regime (2 kg/s annular air flow), the computed axial

velocity profiles in the reverse-flow region for the four central CO 2 flow rates considered

remain distinct with different values of centerline negative peak axial velocity. The

measured velocity profiles, on the other hand, merge beyond the negative peak location for

the zero central flow. For the zero central flow, the measured negative maximum of

42 percent of the annular inlet-plane velocity is found to occur at a z/d of 0.4, while the

computed maximum of 53 percent occurs at a z/d of 0.35. In the computations, the largest

peak negative velocity of 62 percent at a z/d of 0.38 occurs for 4 kg/hr CO 2 flow rate.
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h. In flow situations where the annular jet dominates the near-wake flowfield, the

predicted centerline decay of CO2 mass fraction shows fair agreement with the experimental

trends. Also, the changeover of the profile from a rapid decay to a nearly uniform value

occurs very close to the forward stagnation point.

i. Predictions do not support the experimental observation where the location of the

forward stagnation point on the centerline depends only on the central-jet exit velocity and

not on the central-jet fluid. In other %ords, for the same exit velocity the calculated

centerline locations of forward stagnation point for CO2 and air are different.

j. Present numerical computations fall to converge to acceptable solutions for large

central flow rates. This occurs irrespective of the annular flow rate.

k. Predictions in the flow regimes where the central jet dominates the flowfield show

differences between the case where the annular flow is very small and the case where the

annular flow is absent.

I. When even a small annular air flow is present, the centerline decay of axial

velocity is not monotonic and a local minimum occurs.

m. With annular flow absent, the centerline decay of axial velocity is monotonic, but

the decay appears to be faster than that of the free jet.

5.2 RECOMMENDATIONS

The present study offers the following recommendations for further activity.

a. It is necessary to have accurate inlet velocity profiles. Both axial and radial

components of the mean velocity must be given. It is also necessary to know the level of

inlet turbulence.

b. Both axial and radial components of the mean velocity as well as the fluctuations

should be measured near the salient points of the flowfield (vortex centers, stagnation points

etc., for example).

c. The axial variation of both centerline and off-centerline (along wrtex centers)

measurements of the variables must be made.

d. The radial profiling of mean velocities, normal and shear stresses, and mean

concentrations should be done at the points in the flowfield mentioned n b abov.
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II
e. The accuracy of laser Doppler anemometry measurements must be improved so that

the dependence of the centerline variation of the axial velocity and of the location of the

rear stagnation point on the central-jet flow rate could be determined.

f. The numerical modeling needs significant Improvement on several aspects. The

eddy-viscosity approach appears to have considerable difficulty in predicting the central-jet

development and velocity-decay characteristics. Turbulence models involving the direct

solution of the equations for Reynolds stresses might be worthwhile. The applicability of

time-averaged equations in situations like that of the centerbody combustor is questionable

but an alternative formulation is not available at present.
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